This paper studied the countercurrent flow model in the TRACE code version 5.0. Steam and water are chosen as the working fluids that flow counter-currently in a circular pipe. Three types of the countercurrent flow models, the Wallis, the Kutateladze and the Bankoff correlations, are investigated. A single pipe model was built for the studies of the Wallis and the Kutateladze correlations, and the variable in the calculation model is the pipe diameter. A perforated plate model was built to study the Bankoff correlation, and the variables include the pipe diameter, the hole diameter, the number of holes and the plate thickness. The hydraulic diameter of the pipe varies from 2.5 -200 mm for validating both the Wallis and the Kutateladze correlations. While validating the Bankoff correlation, the hydraulic diameter of the pipe is of 50 and 200 mm, and the plate thickness changes as 10 and 40 mm. Through this study, we validate the countercurrent flow model in the TRACE code, and provides comments on the application ranges of these three correlations.
I. INTRODUCTION
Countercurrent flow limitation (CCFL) is an important mechanism in a reactor system. In a pressurized water reactor (PWR), countercurrent flow (CCF) may occur in the hot leg and in the entrance to the steam generator in case of a refluxcondensation transient associated with a loss of coolant accident (LOCA). Furthermore, CCF also occurs during blowdown as the Emergency Core Cooling Systems (ECCSs) fill water into the downcomer. Both in the PWR and BWR reactor vessels, CCF can occur at the tie plate during the reflooding process as the ECCSs spray water into the core. When the CCFL occurs, the mass and heat transfer between gas and liquid phases reduces, and a water pool forms. This phenomenon prevents the core from cooling such that the fuel temperature increases rapidly (1) . Therefore, the studies of CCF phenomena and of CCFL occurrence are essential to the safety of nuclear reactors.
The studies of CCFL phenomena can be classified into two categories -CCF in a single pipe and at a perforated plate. For a single pipe, the flow conditions and the pipe geometrics affect the behaviors of CCFL (2-4). Furthermore, the mechanism of CCFL is more complicated at a perforated plate than in a single pipe. Many researchers have constructed experimental facilities to study the effects of the number of holes, the thickness of plate, asymmetric water injection, and the location of the air vent line on the onset of water accumulation at a perforated plate (5) (6) (7) . The previous studies show that the onset of water accumulation and the onset of CCFL are promoted by small hole diameter, small number of holes, and small distance between holes.
This study validates the CCFL model in the TRACE code both for the single pipe and for a perforated plate. TRACE (TRAC/RELAP Advanced Computational Engine), developed by the USNRC, is an advanced, best-estimate reactor systems code for analyzing neutronic-thermal-hydraulic behavior in light water reactors (8) . TRACE consolidates the capabilities of the four codes, TRAC-P, TRAC-B, RELAP 5 and RAMONA, into one modernized code. The code is well designed to perform analyses of LOCAs, operational transients, accident scenarios, and phenomena in experimental facilities. Furthermore, a client application -SNAP (the Symbolic Nuclear Analysis Package) is developed by Applied Programming Technology, Inc for conveniently creating and editing the input decks. Therefore, the geometric model was built through the SNAP graphical user interface, and then the CCFL model in the TRACE code was validated.
II. CCFL THEORY
The CCFL correlations describe a superficial mass flux of liquid downflow versus a superficial mass flux of gas upflow on the average over time. 
where m and C are constants determined from the experiments, , and are the dimensionless superficial velocity, the Kutateladze number and the dimensionless flux of phase k (k = gas or liquid), respectively, and have the form:
In the above equations, and k j k ρ are the superficial velocity and the density of phase k, d is the hole diameter, σ is the surface tension, and is the interpolative length scale determined from:
Where L 1 is the Laplace capillary constant, β is the scaling constant between 0 and 1, k c is the critical wave number, γ is the perforation ratio, and t p is the plate thickness. Bankoff also developed a correlation for the parameter C B based on the Bond number ( ):
where n is the number of holes in the tie plate.
CCFL Model in TRACE code
The TRACE code has the ability to calculate the CCF and predict the CCFL in two ways. One way is through solving the conservation equations such that the flow regime can be determined. Therefore, the interfacial drag between the phases can be figured out and the flow rates of the phases can be predicted. Another way is through applying the CCFL model at the flow path. To solve the CCF via the first method, the TRACE code has consider four principal flow regimes for both the vertical and horizontal flows, the three of which are the bubbly/slug flow regime and the last one of which is the annular/mist flow regime. The bubbly/slug flow regime includes dispersed bubble, slug flow, and Taylor cap bubble. To solve the CCF via the second method, the CCFL correlation embedded in the TRACE code can be applied at specific locations in the 3D component and in the 1D vertical component. The use of CCFL model in the TRACE code is more preferred, and the results are more accurate in regard to the prediction on the zero liquid delivery point.
In TRACE, the CCFL model basically uses the Bankoff correlation, because the correlation reverts to the Wallis type by setting the scaling constant β = 0, and reverts to the Kutateladze type by setting β = 1. Therefore, the code can accommodate the Wallis, the Kutateladze, and the Bankoff correlations into its implementation option. When the input scaling constant β is between [0, 1], only two correlation constants, m B and C B , are needed to be input. When the input scaling constant β is -1, the complete Bankoff correlation will be applied. Therefore, two correlation constants, m B and C B , and the parameters, n, t p , γ, and d, must be specified to calculate the real scaling constant β. The thermodynamic parameters, including the surface tension, liquid density, and vapor density, are acquired from the cell which is below the interface.
III. ANALYSIS

Geometric Model Description
The aim of this study is to verify the Wallis correlation, the Kutateladze correlation, and the Bankoff correlation. Therefore, the geometric models built for the TRACE code are basically referred to Lee's experimental apparatus. Figure 1 shows the schematic diagram of Lee's experimental facility. The water storage tank provides a water head such that water can drain into the pipe form the upper section. The steam blower pumps the steam into the pipe from the lower section. The upper and lower sections are both have a height of 1 m height with the inner diameter of 0.48 m. The perforated plate was installed at the mid-height of the test vessel. The number of holes varies from 4 to 12; the thickness varies from 10 to 40 mm. The collapsed water level and its distribution on the plate were measured from the two pressure taps. Before the CCFL, the water that vents from the upper section can flow down to the lower section. In this test, the controllable parameters including the flow rates of two fluids, the plate thickness, the number of water injection lines, and the location of the air vent line. This test was conducted under atmospheric conditions.
During the test, the collapsed water level was measured to determine the onset of water accumulation and the onset of CCFL. The water was first supplied into the upper section at a constant flow rate, and the steam was then supplied from the lower section in a stepwise increase. The flow rate of steam remained unchanged in each step for a sufficient time such that a quasi-steady state could be attained. Following the experi- Fig. 1 Lee's experimental apparatus for the CCFL test mental facility and the test procedures, we built a rare geometric-simplified model via the SNAP user interface for the TRACE code's calculation.
TRACE includes hydraulic components, such as PIPE, CHAN, PUMP, TEE, VALVE, VESSEL, etc., powered and heated components, such as POWER, HTSTR, etc., and boundary components, FILL and BREAK. To simulate the experiment that Lee et. al conducted, the TRACE model used two TEE components to respectively model the upper section and the lower section of the pipe, two FILL components to provide the velocity boundaries, and two BREAK components to determine the pressure boundaries. The two TEEs are connected one on top of the other. The CCFL model is applied at the junction between the two TEEs. Each TEE component owns one side tube through which fluids are allowed to flow in. The FILL components provide the fluid properties and the velocity table relative to time. The upper TEE component is connected to the first FILL component which contains the water properties and the velocity table for water. The lower TEE component is connected to the second FILL component which contains the steam properties and the velocity table for steam. Therefore, the first FILL component injects water into the upper TEE component, and the second one injects steam into the lower TEE component. The top boundary of the upper TEE and the bottom boundary of the lower TEE are, respectively, connected to the BREAK components at the atmospheric pressure. Consequently, the water or the steam can escape from the TEE system to the atmosphere. Figure 2 depicts the TRACE model and the setting for the CCFL study. 
CCFL Test via numerical simulation
To complete the examination of the CCFL model in the TRACE code, the Wallis, the Kutateladze and the Bankoff correlations are involved in the numerical simulation. The variable for studying the CCF in a single pipe only includes the pipe diameter. The variables for studying the water accumulation at a perforated plate include the pipe diameter, the hole diameter, the number of holes and the plate thickness. The lengths of the upper and the lower TEE components are both 1 m. The diameters of the two TEEs change from 2.5 to 200 mm for examining the Wallis and the Kutateladze correlations. Actually, the Wallis correlation is applicable for smaller pipes of about 25 mm (1 inch), while the Kutateladze correlation is preferable to larger pipes of about 200 mm (8 inch). However, the pipe diameter varies in a wide range in our simulation model so as to exhaust the applicability of the CCFL model and the capability of the TRACE code. In the study of the Bankofftype model, the pipe diameters are of 50 and 200 mm, respectively. The hole diameter is 10 mm as the pipe diameter of 50 mm, and the hole diameter is 50 mm as the pipe diameter of 200 mm. The number of holes varies as 4 and 12 for the two pipes.
During the CCFL experiment, the flow rates of the steam and the water are variable and controllable. For the TRACE code to simulate the experiment, the steam velocity and the water velocity given in the velocity tables of the two FILL components are also properly given. First, the water flow velocity remains unchanged while the steam flow velocity increases stepwise during the simulation. The steam flow velocity keeps unchanged for 100 s in each step to ensure a quasi-steady state is obtained. Then, the water flow velocity is changed to another value. Continuously, the water velocity is kept at the new value and the steam velocity increases stepwise. This procedure is repeated for various water velocities. The variation ranges of the water velocity and the steam velocity are estimated based on the model geometry and the thermodynamic properties at the operating pressure. Therefore, the velocity data input to the two FILL components are within a reasonable range.
IV. RESULTS AND DISCUSSION
We firstly examined the applicability of the Wallis correlation in the TRACE CCFL model. The two constants in the correlation (1), m W and C W , are both set to 1. Therefore, the flooding curve has two intersection points (0,1) and (1,0). To execute the CCFL numerical experiment, the water and steam velocities must be properly designed and input to the FILL components as the velocity boundaries. Thus, the steam and water velocities relative to time are estimated prior to the simulation, which is based on the pipe geometry and the thermodynamic properties at the atmospheric pressure. The designed velocity boundary conditions ensure that the examination covers the whole range of the flooding curve.
For a small pipe with a diameter of 2.5 mm, the water velocity changes from 0.001 to 0.13 m/s with an increase of 0.01 m/s. At each water velocity, the steam velocity increases stepwise from 0 to 5.6 m/s, and the velocity remains unchanged for 100 s in each step. The collapsed water level in the upper TEE component is measured and shown in Fig. 3 . As is known, the occurrence of water level is defined as the onset of water accumulation, and the dramatic increase in the water level is defined as the CCFL. From the simulation results, the onset of water accumulation and the onset of CCFL at the water velocity of 0.003 m/s can, respectively, be distinguished. Fig. 3 The collapsed water level during the Wallis correlation (pipe diameter = 2.5 mm) Continuously, the pipe diameter varies from 2.5 to 200 mm to examine the applicability of the Wallis correlation in the TRACE code. The simulation results are plotted in the form of dimensionless superficial velocity (j k * ) in Fig. 4 , which is calculated based on the injected flow velocity and the flow properties at holes. As seen from Fig. 4 , the simulation results of various pipe diameters always follow the ideal Wallis flooding curve.
When the CCFL model is changed to the Kutateladze correlation, the two constants in the correlation (2), m K and C K , are also both set to 1. Then, the steam and water velocities that are specified in the velocity tables are also estimated to be within a reasonable range prior to the calculation. For a large pipe with a diameter of 200 mm, the water velocity changes from 0.001 to 0.13 m/s with an increase of 0.01 m/s. At each water velocity, the steam velocity increases stepwise from 0 to 30 m/s, and the velocity remains unchanged for 100 s in each step. Similar to the simulation results of the Wallis model, the collapsed water level in the upper pipe can be measured, and the occurrence of the CCFL can be distinguished. To examine the applicability of the Kutateladze correlation, the pipe diameter varies from 2.5 to 200 mm. Then, the simulation results are plotted in the form of Kutateladze number (K K ) in Fig. 5. Form Fig. 5 , we can see that the simulation data fits well to the ideal Kutateladze flooding curve when the pipe diameter is relative large. As the pipe diameter continuously decreases, the simulation results diverges from the ideal Kutateladze flooding curve. Therefore, we also plotted the data in the Wallis scaling (j k * ) in Fig. 6 . We can see that the data fits better with Wallis scaling when the pipe diameter decreases.
The procedure of the numerical experiment for each pipe diameter continues until the flow pattern in the TEE component is too chaotic to distinguish. Revealed from the TRACE's calculation results, we found that the flow pattern becomes chaotic much earlier when the water velocity increases. Therefore, the data shown in Figs. 4 and 5 are retrieved form the simulation data through which the flow patterns are still distinguishable. The TRACE code can not conduct an effective calculation as the water velocity is relative high. Therefore, we suggest that the application of these correlations to their invalid range must be restricted. Indeed, the user must be cautious about using the CCFL model when the water velocity is relative high.
To validate the Bankoff's CCFL mode, the constant m B is set to 1 and the constant C B follows Eq. (12). The pipe diameters are respectively of 200 and 50 mm, and the variable parameters at the perforated plate for each pipe diameter include the hole diameter (d : 50 mm, 10 mm), the number of holes (n : 4 holes, 12 holes) and the plate thickness (t p : 10 mm, 40 mm). For the pipe diameter of 200 m, the effects of the plate thickness and of the number of holes are firstly examined, and the simulation results are plotted in Fig. 7 in the Bankoff scaling. The parameter C B is 2 when the Bond numbers (L * ) is larger than 200. As seen in Fig. 7 , the simulation results are located near the ideal Bankoff scaling of slope -1 and of abscissa intercept 2. From experimental observations, we have known that the onset of water accumulation 1) is promoted as the number of holes decreases, and 2) is not relative to the plate thickness. However, this phenomenon can not been clearly seen from the simulation results of the TRACE code version 5.0.
For the pipe of 50 mm, the effects of the plate thickness and of the number of holes are also examined. In the simulation cases, the hole diameter is 10 mm, the numbers of holes are 4 and 12, and the plate thicknesses are 10 and 40 mm. Due to the relative small size of hole diameter, the Bond numbers are all smaller than 200, and the parameter C B follows Eq. (12). The simulation results are plotted in Fig. 8 , which also shows the ideal Bankoff scaling of abscissa intercept 1.3 and 1.7. As revealed from Fig. 8 , the calculated data from the TRACE code almost follow the ideal Bankoff lines. From the above, we can conclude that the TRACE code has the ability to handle the Bankoff CCFL model for the Bond number larger or smaller than 200.
V. CONCLUSIONS
In this study, we examined the countercurrent flow model, including the Wallis, the Kutateladze and the Bankoff correla- show that the calculated data of various pipe diameters always follow the ideal Wallis flooding curve. When examining the Kutateladze correlation, the simulation data fit better to the ideal Kutateladze flooding curve when the pipe diameter is relatively large. As the pipe diameter decreases, the simulation results fit much well with Wallis scaling. When examining the Bankoff CCFL model, the conditions when the Bond number is larger or smaller than 200 are considered. We found that the simulation results almost follow the ideal Bankoff lines. Therefore, the TRACE code version 5.0 has the ability to handle the Bankoff CCFL model for the Bond number larger or smaller than 200. However, we found that TRACE can not conduct an effective calculation of the water velocity is relatively high. Therefore, the user must be cautions when using the CCFL model in a high-speed flow. We conclude that the countercurrent flow model in the TRACE code can appropriately predict the limiting condition of the two phase countercurrent flow for the most cases.
